The Pure water (P,T)-phase diagram is known in the form of empirical equations or tables from nearly a century as a result of Bridgman's work. However, few data are available on other aqueous systems probably due to the difficulty of high-pressure measurements. As an alternative, six approaches are presented here to obtain the food phase diagrams in the range of pressure 0.1-210 MPa. Both empirical and theoretical methods are described including the use of an artificial neural network (ANN). Experimental freezing points obtained at the laboratory of the authors and from literature are statistically compared to the calculated ones. About 400 independent freezing data points of aqueous solutions, gels, and foods are analysed. A polynomial equation is the most accurate and simple method to describe the entire melting curve. The ANN is the most versatile model, as only one model allows the calculation of the initial freezing point of all the aqueous systems considered. Robinson and Stokes' equation is successfully extended to the high pressures domain with an average prediction error of 0.4 • C. The choice of one approach over the others depends mainly on the availability of experimental data, the accuracy required and the intended use for the calculated data.
INTRODUCTION
Freezing/melting of aqueous systems is a phenomenon considered in many disciplines. Not only food technologists but also geologists, oceanographers, meteorologists, astrophysicists, biologists, and engineers are all interested in the conditions of ice formation. Freezing/melting temperatures at atmospheric conditions are relatively easy to obtain either from literature data bases, calculation, or direct measurement, as far as simple aqueous systems are concerned. When dealing with food commodities, the great variability in chemical composition and food structure from product to product among different varieties, breeds, batches, etc. complicates this task. An additional difficulty is introduced when the studied phenomenon occurs under pressure; data in these conditions are not so readily available.
Address correspondence to P. D. Sanz, Department of Engineering, Instituto del Frío (CSIC), c/José Antonio Novais, 10. 28040 Madrid, Spain. Tel.: +34 91 544 56 07; Fax: +34 91 549 36 27. E-mail: psanz@if.csic.es (P.D. Sanz). This is the result of the scarcity of adequate equipment and the veritable difficulty to perform these measurements. In a freezing process, once nucleation occurs, the temperature reaches the initial equilibrium freezing point (T f ) under constant pressure. It can be defined as the temperature and pressure conditions at which some crystals of pure ice are in equilibrium with the liquid solution or liquid part of a food. Pressure must be kept as constant as possible (by the use of a suitable regulation system) for a correct measurement, and the cooling rate, sample size, and the location of the temperature sensor must allow the monitoring of a temperature freezing "plateau" with time.
High pressure is applied to food products to improve safety and quality (Luscher et al., 2004; Picart et al., 2004) . The main possible processes in the high pressure and low temperature domain are described in Urrutia . Compared to traditional processes like air blast freezing, pressure-shift freezing produces smaller ice crystals with a uniform distribution in the whole product (Otero and Sanz, 2000; Zhu et al., 2005 ) so its texture is better preserved and drip losses upon thawing are 329 reduced (Fuchigami et al., 2002; Le Bail et al., 2002; Urrutia-Benet et al., 2007) . The main difficulties to develop this emerging technology from the laboratory scale to industry lie on process parameters optimization and energetic cost minimization. To deal with these two problems, heat transfer is modelled (Otero and Sanz, 2003; Boillereaux et al., 2003; Pham, 2006) , for what the initial freezing point appears as a fundamental variable. At this point, all thermophysical properties change suddenly with the formation of ice (freezing process) or its melting (thawing process). A parameter like the specific heat capacity, also required for heat transfer simulation, changes from 2046.5 J·kg −1 · • C −1 in solid to 3857.4 J·kg −1 · • C −1 in liquid state at the freezing point of water at 100 MPa (−8.8 • C) (Otero et al., 2002) . The thermophysical properties depend on the ice content which can be calculated as a function of the initial freezing temperature (Fikiin, 1998 ). An accurate knowledge of the initial freezing temperature is also essential to minimize the energy required to reach freezing/thawing conditions. Finally, its determination allows discovering metastable regions and exploring new possibilities for process optimization Urrutia Benet et al., 2006) .
Aqueous solutions and food models are often used to simulate food. In this way, the water (P,T)-phase diagram of Bridgman (1912) is routinely applied to decide on the operating conditions for food high-pressure freezing/thawing processes. Together with the empirical equations proposed by Wagner et al. (1994) , the freezing temperatures of water can be computed up to 20 GPa for the different ice polymorphs. Recently, Sanz et al. (2004) have described qualitatively the phase diagram of water until about 10 GPa by means of computer simulation. For aqueous systems, the (P,T)-phase diagram has been seldom determined. The experimental initial freezing point at high pressure has been measured for emulsified alkali halide (Kanno and Angell, 1977) , ammonia (Leliwa-Kopystynski et al., 2000) , MgSO 4 (Chourot et al., 2000) , and sucrose and sodium chloride solutions (Guignon et al., 2005) and for some food products (Takai et al., 1991; Barry et al., 1998; Zhao et al., 1998; Chevalier et al., 1999; Schlüter and Knorr, 2002; Schubring et al., 2003; Zhu et al., 2006) . Given the lack of experimental measurements, it would be useful to be able to derive the initial freezing temperature from the existing data. The objective of this work is to provide and test different equations to calculate the initial freezing temperature of food under pressure. Some of these are well known as the polynomial equation, the Simon-like equation, and the linear additive model while others are applied for the first time in the range of high pressure as the modified Raoult's law and the Robinson and Stokes equation. An artificial neural network is also shown by the authors of this work as an alternative to traditional calculations. New experimental data are presented for gelatine gels (with and without sucrose), for sucrose solutions with hydrocolloids (guar gum or xanthan and locust bean gum mix), and for tylose gel as food models, and for broccoli. These values together with data collected from the literature, are used to evaluate the proposed equations.
METHODS OF INITIAL FREEZING POINT CALCULATION Polynomial Equations
A simple polynomial can be fitted to experimental points (when available) to represent the entire freezing/melting curve between liquid water and ice I, as proposed by Bridgman (1912) :
where T f ( • C or K) is the freezing temperature at pressure P (MPa). For water, a = −0.0722, b = −0.000155 and c = 0 (for temperature in • C). Zhu et al. (2006) have obtained a relationship between phase transition temperature and pressure by regression over ten points with a coefficient of determination (r 2 ) of about 0.999, for potato, tylose, and salmon and pork muscle, using the same method. The predictive virtue of these equations depends directly on the measurement accuracy and the number of data fitted. Extrapolations are hazardous given that this equation has no physical basis but interpolations are fast and easy. This is a very friendly way to represent the phase transition curve involving only three parameters.
The Simon-Like Equations
Simon-like equations are popular empirical equations adapted from a relation initially proposed by Simon and Glatzel to fit solids experimental melting curves (Bilgram, 1987) :
where T t and P t are the coordinates of the triple point, T f is the freezing temperature at pressure P and, a and c are fitting parameters.
Modifications are sometimes introduced to best fit experimental data or to make it more universal (Kechin, 2001) . The Simon-like equation used to fit the melting curve between ice I and liquid water is:
with π = P/P 0 and θ = T f /T 0 and where α, β, χ , δ, T 0 and P 0 are parameters to be fit. T f (K) and P (MPa) characterize the initial freezing point. These coefficients lack physical meaning except P 0 and T 0 which corresponds very approximately to the initial freezing point of the substance at atmospheric pressure. Wagner et al. (1994) gives the following fitted parameters for water-ice I melting curve: α = 626000, β = −3, χ = 197135, δ = 21.2, T 0 = 273.16, and P 0 = 0.000611657. The Simon-like equations have been applied successfully to a large number of substances from metals (Babb, 1963) and aromatic compounds (Yokoyama et al., 1993) to potato (Schlüter and Knorr, 2002) , and aqueous solutions (Guignon et al., 2005) . The accuracy of the results calculated with the Simon-like equation depends on the experimental error and on its number (at least 5-7 points are necessary). Some advantages of these equations are their simplicity, their suitability for extrapolation, and their general functional formulation which allows describing other liquid-ice polymorph phase transition curves (Wagner et al., 1994) .
The Linear Additive Model
The linear additive model obtains the initial freezing temperature under pressure from the well known melting curve of pure water corrected with the freezing point depression observed at atmospheric conditions considered as constant under high pressure. As a result, the melting curve of aqueous systems is parallel to that of pure water and the distance between both curves is given by the initial freezing point depression at atmospheric pressure. So the initial freezing point of the substance at high pressure T f (P) is the sum of the freezing point of pure water T 0 at the considered pressure P (from Bridgman's data and Wagner's fitting for example) and the initial freezing point of the substance at atmospheric pressure (P atm ):
Temperatures are all expressed in • C (if expressed in K, the temperature depression must be considered instead of directly T f (P atm )). For ideal solutions, the freezing temperature of the substance at atmospheric pressure can be derived from Raoult's law and Clausius-Clapeyron equation:
being x s the mole fraction of solute, H the molar heat of fusion of ice (J·mol −1 ), R the gas-law constant (8.314 J·K −1 ·mol −1 ), T 0 the freezing point of water (K), and T f the initial freezing point of the solution ( • C). For real solutions and foods, the initial freezing point at atmospheric pressure may be found among literature data or predicted from a variety of empirical equations such as those proposed by Succar and Hayakawa (1990) , Rahman (1995) , Pham (1996) , Miles et al. (1997) , Fikiin and Fikiin (1999) , Goral and Kluza (2002) or Jie et al. (2003) . The expected prediction accuracy is not ensured because the composition, the structure. and the production characteristics vary among products of the same food commodity. Another possibility is, of course, to resort to experimental measurement.
The additive method was used by Otero et al. (2006) to estimate the initial freezing point of a tylose gel and calculate other thermophysical properties with a good approximation. The interest of this empirical relationship resides in that the initial freezing point at any pressure can be obtained only with the knowledge of the initial freezing point of the substance at atmospheric pressure.
Artificial Neuronal Networks
Artificial neuronal networks (ANNs) are mathematical algorithms that learn to solve a problem solely from the information contained in a set of known questions-answers, in other words, they do not require any phenomenological knowledge. ANNs have already been employed successfully to predict properties of substances (Sablani and Rahman, 2003; Boillereaux et al., 2003) . In this work, a single ANN is developed to determine, for all the aqueous systems studied, the freezing temperature value under high pressure. Once the ANN is optimized, it is not necessary to newly optimize it for each new food product, i.e., instead of one equation for each different product, we have only a unique ANN for all the products. So it appears as the most versatile way among the empirical equations to obtain the initial freezing temperature.
Among the many types of ANNs, a supervised network is selected. Specifically, the ANN chosen is a feed-forward network with a prediction horizon, the sigmoid function is employed as the transfer function and the network is optimized using the backpropagation algorithm (Rosenblatt, 1958; Maren et al., 1990; Rumelhart et al., 1986) . This type of ANN is selected because it has been extensively studied, it is easy to implement and has been used in a variety of similar applications (Palancar et al., 1998; Torrecilla et al., 2004; Torrecilla et al., 2005a,b) . One of the entries of the ANN is the pressure at which the initial freezing temperature will be calculated. The system's water activity has been selected as the second entry. Water activity is often used to characterize aqueous systems, being a habitual concept in food domain. For food products, which are not, unlike solutions, homogeneous substances, water activity may be considered as an "effective" rather than an equilibrium property. It has already been strongly correlated to the initial freezing point at atmospheric pressure (Van der Sman and Boer, 2005; Lerici et al., 1983; Ferro Fontan and Chirife, 1981) .
The ANN topology consists of an input layer with two nodes for the two input variables (pressure (MPa) and water activity), a hidden layer (optimised afterwards) and an output layer with one neuron for the predicted freezing temperature value. This topology with a single hidden layer was suitable to solve problems of similar or even higher complexity (Palancar et al., 1998; Torrecilla et al., 2004; Torrecilla et al., 2005a,b) . Moreover, more hidden layers may cause overfitting, since the network focuses excessively on the idiosyncrasies of individual samples (Ruan et al., 1995) . Weights are assigned to the connections between the neurons of one layer and the forwards (randomly for the first iteration). The weights are set by means of an optimization procedure (backpropagation process) controlled by
ANN structure and optimization procedure of the weights (W) W refers to the weights assigned to each connection. w(t) is the current weight and w(t+1) is the weight improved using the backpropagation algorithm. µ is the learning rate. f(Error) is a function based on the 1st order derivative of sigmoidal function and the prediction error. indicates the sum of input values multiplied by their respective weights (activation function). ∫ indicates that the sigmoid function is employed (transfer function). a parameter called learning rate (µ) (Fig. 1 ). This optimization procedure, also called training of the ANN, consists in minimizing the prediction error, the difference between the experimental freezing temperature, and the predicted one. A more detailed ANNs description (ANN topology, the learning rate and algorithm involved in the learning of Multilayer Perceptron) can be found in the literature (Werbos, 1974; Parker, 1982; Rumelhart et al., 1986; Psaltis et al., 1988; Venkatasubramanian and Chan, 1989; Thibault and Grandjean, 1991; Van Breusegem et al., 1991; Bhat and McAvoy, 1990) . This approach appears interesting and could be a suitable base for the creation of other more complex ANNs to calculate high-pressure freezing/thawing process parameters (phase transition time, supercooling degree, ice percentage and other freezing temperature-dependent parameters).
The Modified Raoult's Law
At atmospheric pressure, the initial freezing point T f (K) of aqueous systems, among them food, can be estimated from composition data using a modified Raoult's law (Miles et al., 1997 ):
where R is the gas constant (8.314 J·K −1 ·mol −1 ), T 0 is the freezing temperature of pure water (K), H is the molar heat of fusion of ice (J·mol −1 ), x i , x w , and x b are the mass fractions of the different solutes (ions, sugars, and acids), total water and bound water respectively. M i and M w are their corresponding molecular masses (g·mol −1 ). Substituting T 0 and H by their corresponding values at high pressure (obtained from Bridgman, 1912; Hobbs, 1974) , the initial freezing temperature of food at high pressure can be calculated in the same way than at atmospheric conditions, provided that all the other parameters are not affected by pressure. Agreement between experimental and predicted values is expected to be within 1 • C, the same order of magnitude than that obtained by Miles et al. (1997) at atmospheric pressure. Accurate and detailed data on composition, T 0 , and H are indispensable to get a good quality prediction. Nonetheless, such a determination based on the food chemical composition only cannot account for heterogeneity, porosity, or other structural characteristics which also influence the initial freezing point.
The Robinson and Stokes Equation at High Pressure
The Robinson and Stokes' equation relates water activity a w of an aqueous solution to its initial freezing point at atmospheric pressure (Robinson and Stokes, 2002) . Its conditions of use under high pressure are examined in Appendix A leading to the following expression at high pressure P:
where H(P), J(P) = c pw (P)-c pi (P), T 0 (P), and T f (P) are all taken at pressure P. R is the gas constant (8.314 J·K −1 ·mol −1 ), H is the molar heat of fusion of ice (J·mol −1 ), c pw and c pi are the molar heat capacity of water and ice (J·K −1 ·mol −1 ) respectively, T 0 is the freezing temperature of pure water (K), and T f is the freezing temperature of the aqueous system (K). Equation (7) may be rewritten in the following more explicit form, easier to be numerically solved, to obtain the freezing temperature of the aqueous system T f at pressure P:
The molar heat of fusion of ice, molar heat capacities of water and ice, and the freezing point of pure water at high pressure can be found in the literature (Hobbs, 1974; Ter Minassian et al., 1981; Sato et al., 1998; Bridgman, 1912 ) and easily computed for example, from a free domain routines set elaborated by Otero et al. (2002) . It must be noted that a w is constant with pressure and temperature along the phase transition curve between ice I and liquid water. The derivation of this maybe surprising observation does not belong to the scope of this work. Nevertheless, two situations where the constancy of water activity is clearly shown can be quoted.
First, when Equation (7) is applied to water at a given pressure P, the second term of this equation becomes zero, as T f (P) = T 0 (P). Consequently, a w is 1 for all pressure-temperature values of the phase transition curve. Second, a compensatory behaviour in the trends of water activity with temperature and pressure has been reported. On one side, a w decreases with tem- perature: between 0 and −50 • C, water activity decreases at a rate of 0.0097 • C −1 (Chen, 1988) , while Schmidt (2004) gives the equation:
where a w1 and a w2 are water activities at temperature T 1 and T 2 (K) respectively, H st is the net isosteric heat of sorption at the moisture content of the sample (J·mol −1 ) which is defined as the difference between the total molar enthalpy change and the molar enthalpy of vaporization of pure water. On the other side, a w increases with pressure, again after Schmidt (2004):
where a w1 and a w2 are water activities at pressure P 1 and P 2 respectively, and V is the molar volume of water. So it is considered that the water activity of the aqueous system at atmospheric pressure can be employed in the Robinson and Stokes' Equation (7-8) at high pressure.
Water activity at atmospheric pressure can be calculated also using Equation (7) from the freezing temperature (either measured or taken from the literature). Direct measurement of a w or calculation from one of the numerous empirical relations of the literature (Bell and Labuza, 2000) seems less suitable because water activity is usually given at 20-25 • C and not at the initial freezing point. However, Ferro Fontan and Chirife (1981) report that the error introduced by assuming that a w at room temperature is the same as that at the initial freezing point is usually less than 0.01 a w units in the range 0.96-0.85 of a w . An error of less than 0.01 a w unit on water activity would introduce an error of less than 1.2 • C on the temperature calculated through Equation (7). The error introduced on the predicted initial freezing point by the other parameters under pressure ( H, c pw , c pi and T 0 ) which are calculated per mass units from empirical and fitted equations has been evaluated at 20 MPa, 105 MPa, and 190 MPa. An inaccuracy of ±10 J·kg −1 ·K −1 on ice heat capacity (±0.5% of the calculated value) and of ±40 J·kg 1 ·K −1 on water heat capacity (±1% of the calculated value) does not have a significant influence on the calculated freezing temperature. An error of ±2873.8 J·kg −1 on latent heat (±1% of the calculated value) affects the calculated freezing temperature in ±0.04 • C. An error of 0.5 • C on the freezing temperature of pure water (±3% of the calculated value) alters the predicted freezing temperature in the same magnitude. So, the accuracy of the predicted value depends mainly on the accuracy of the freezing temperature of pure water under pressure and that of the water activity of the aqueous system.
The physical basis of this equation allows extrapolation of freezing temperatures from atmospheric pressure up to 210 MPa (the whole of ice I pressure range) without previous knowledge of any experimental data points under pressure.
MATERIAL AND METHODS

Data Basis of Freezing Points
In order to test the different calculation approaches, data have been compiled from literature and from the laboratory of the authors representing a total of 398 freezing points. Table 1 shows a list of tested substances indicating the source of the data.
The original data presented here were obtained following the procedure described in Guignon et al. (2005) . The initial freezing point was calculated as the mean of the initial freezing temperatures and pressures on the "plateau." All experiments were made at least in triplicate. Mean standard deviation between experimental freezing points is about ±0.2 • C for temperature and ±0.4 MPa for pressure. For literature data, the experimental error was seldom given: it was about ±0.2 MPa and ±0.5-2 • C for a KCl emulsified solution, and under ±5-10 MPa for NH 3 solutions. For tomato paste, according to the author, pressure was difficult to control exactly. For a MgSO 4 solution, surimi and potato, the authors determined also the phase diagram of water and compared to Bridgman data showing "a good agreement" (see Zhu et al., 2004 for data obtained by calorimetry). Both in literature and the authors' own data, accuracies of pressure gauges and thermal sensors were about 0.1 MPa and 0.1 • C, respectively.
Data Treatment
Parameters of the polynomial and Simon-like equations were fitted with the software TableCurve 2D 5.0 (SPSS Inc., Chicago, IL, USA). The initial freezing temperature at atmospheric pressure, the composition and the water activity, needed for the linear additive model, the modified Raoult's law and both the ANN and Robinson and Stokes equation respectively, are given in Table 1 for each substance. For Equations (6) and (8), the latent heat, heat capacities of water and ice, and the freezing point of pure water are calculated at the desired pressure value by means of routines by Otero et al. (2002) and converted into molar units. Equation (8) was solved numerically using the "fzero" function in Matlab version 7.0 (R14, The MathWorks, Inc., Massachusetts, USA). The ANN was designed and programmed in Microsoft Quick-Basic (version 4.5).
Comparison Between Calculated and Experimental Data
The freezing temperatures are calculated at each mean experimental pressure point studied. Then they are statistically compared to the corresponding mean experimental initial freezing temperature using the software Statgraphics Plus (version 5.1). Statistic parameters (average, variance, standard deviation, median, minimum, maximum, and Kurtosis) of each series (experimental and predicted data) are calculated. The significance of the differences between them is evaluated within a 95% confidence interval by the p-values for Mann-Whitney and Wilcoxon, Krustal-Wallis, and Kolmogorov-Smirnov statistical tests. The prediction error is also computed as the absolute value of the difference between calculated and experimental initial freezing temperatures.
RESULTS AND DISCUSSION
Empirical Models: Polynomial Equation, Simon-Like Equation and Linear Additive Model
Fitted parameters for the polynomial equations and the Simon-like equations of melting curves are given in Tables 2 and  3 respectively. The coefficient of determination r 2 approaches 1 334 B. GUIGNON ET AL. (Weast, 1976) within 0.1-0.3 • C. For the 10.88 and 16.09% w/w NaCl solutions, the agreement is lower (within 0.7 • C) because the measurement is much more sensitive to cryoconcentration effects at high concentration (Guignon et al., 2005) . Statistical comparison (with p-values) shows that the polynomial equations give the best predictions followed by the Simon-like equations (Table 4 ). Predictions by the linear additive model are usually less accurate than predictions by the two precedent models as illustrated on Fig. 2 . The highest differences found between the experimental and the calculated values are about 0.5 to 2.2 • C and occurred for pressures near 190-210 MPa. At these pressures, experimental error is also higher (about ±0.5 • C). The three empirical models allow calculating the whole phase change curve with a mean error prediction of about ±0.2 • C for the original experimental data and ±0.4 • C for literature data. 
Gels c. Food
The Artificial Neural Network
Before evaluating the predictive skills of the ANN, the number of neurons in the hidden layer, the learning rate and the connection weights are optimized. Different configurations of the ANN are studied to find the best one, testing from 1 to 12 neurons in the hidden layer and learning rates from 0.1 to 1. To this purpose, the ANN was trained with a set of 515 measured initial freezing points among sucrose and sodium chloride aqueous solution data (considering a w , P, and T f of each individual experiment, not the mean values of triplicates), seeking the weights that minimize the sum of prediction errors and gives the best correlation coefficient (real freezing temperature values versus predicted) for each configuration tested. The best predictions found are for six neurons in the hidden layer and a learning rate of 0.6. As an example, the weights obtained for this optimized configuration are presented in Table 5 . The use of these weights to predict the freezing temperature in other cases (for other systems or for pressure and/or a w out of the studied ranges) may be done with precaution. First, one must keep in mind that the weights optimized with other data or starting with other initial weights would be obviously different. Second, each laboratory may measure the initial freezing point of food under pressure in a different way: with another experimental system, another method, different experimental error, etc. In this case, the experimental and the predicted results may not be the same, giving rise to a prediction error higher than that obtained after the training procedure. The ANN involves recurrent calculations and any error (e.g. rounding weight values) would be propagated and increased during the calculation process.
To test the prediction skill of the ANN, the freezing temperature is calculated by the optimized ANN (topology (2, 6, 1) and learning rate µ = 0.6) without weight update. For this purpose, 185 rows of new experimental data of sucrose and sodium chloride solutions never fed into the ANN are used together with the compiled data of experiments and literature. For each pressure and water activity value considered, the freezing temperature is calculated by the ANN and compared to the corresponding ex-perimental result. The mean prediction error is about 0.3 • C for our experimental points and usually higher for literature points. The results of the statistical analysis are shown in Table 4 . The results of the Mann-Whitney Wilcoxon, Kolmogorov-Smirnov, and Kruscal-Wallis tests are all higher than the threshold except for the 17.6% NH 3 solution which has a water activity (0.755) out of the ANN training range (0.88-1). This implies that the series of data are similar and that the ANN model described correctly what occurred in the experiment in the range of pressure and water activity used for training.
Theoretical Models: Modified Raoult's Law and Robinson and Stokes' Equation at High Pressure
The melting curves calculated using the modified Raoult's law (Equation (6)) and the Robinson and Stokes' equation (Equation (8) ) are represented on Fig. 3 for aqueous solutions, Fig. 4 for gels, and Fig. 5 for foods.
Raoult's modified law at high pressure (Equation (6)) is able to predict the initial freezing point of aqueous solutions with the same agreement than at atmospheric pressure (i.e. within 1 • C) for water activities higher than 0.92. Agreement usually decreases with water activity and when experimental error is higher (especially at the highest pressures). For gels, the agreement between experimental and calculated (Raoult's modified law) initial freezing points is within a mean error of 0.3 • C except for tylose (within 1.3 • C) probably because of a possible loss of moisture during storage and sample preparation. In this way, Ousegui et al. (2006) , who determined the initial freezing temperatures by high pressure calorimetry, found values about 0.7-1 • C higher than those of the present work. For foods, the difficulty to predict the initial freezing point using Raoult's modified law lays on the inaccuracy of composition data which are usually absent or incomplete in the literature work and on other factors such as structure which are not considered in the equation. For potato and broccoli, the prediction is within a mean error of 1 and 1.3 • C, respectively, of the reported data; but for tomato paste and surimi, the prediction error can reach 3.3-4.4 • C. Such a high error may be due mostly to variations among preparation recipes for these two products. Using Robinson and Stokes' equation at high pressure (Equations (7-8)), the mean prediction error is lower than 0.4 • C for all 
CONCLUSIONS
The models used to predict the freezing temperature as a function of pressure may be classified in empirical models such as the polynomial equation, the Simon-like equation and the linear additive model, ANN models, and theoretical models like the Raoult's modified law, and the Robinson and Stokes' equation extended to high pressure. Empirical models are useful to interpolate other initial freezing points starting from a few experimental points and so to build the entire melting curve. The polynomial equation is recommended for that purpose because it is usually more accurate and simple than the Simon-like equation or the linear additive model. The inconvenience of the previous models is that they require a minimum of experiments under pressure and are only valid for a given aqueous system. Their predictions are within the original experimental error and the fitting may mask systematic experimental deviation. ANNs are a really interesting alternative to obtain the freezing temperature at any given pressure of any aqueous system knowing only its water activity (within its working range). Calculated freezing temperatures differ from the measured ones in approximately 0.3 • C. The ANN is even able to reproduce literature data within a 95% confidence interval when the water activity of the substance is within the training range. The theoretical approaches proposed here are previously existing models whose applicability limits have been extended from atmospheric pressure up to 210 MPa. Results show that the modified Raoult's law is the less accurate method to predict the initial freezing point. This was attributed to the difference between the real composition of food and the data used and to structural effects. The Robinson and Stokes model was able to predict the initial freezing point within 0.4 • C for water activity higher than 0.93. Theoretical models are useful when no experimental data are available or to avoid experimental work and for heat transfer modeling of high pressure freezing/thawing processes. An overall method classification, from the best to the worse in statistical test results, yields: the polynomial equation, the Simon-like equation, the additive model, the Robinson and Stokes' equation, the ANN, and the modified Raoult's law. According to the circumstances, the "modeling" user may prefer a theoretical approach in spite of its complexity, while the "experimental" user may prefer a rather fast empirical approach.
To our knowledge, until now, there was no attempt to use theoretical models to predict the initial freezing temperature under pressure. It is made evident that predictions by these models are possible and agree well with experiments. Their main advantage is that no experimental temperature under pressure is required. Moreover, thanks to the physico-chemical character of these relations, they work for a large variety of substances and at least for the whole pressure range of ice I. Their applicability in the pressure range of other ice polymorphs has not been studied yet but seems feasible. The phase diagram can also be extended over a third dimension: the water activity (Fig. 6 ). In this 3D-diagram, glass transition, solubility line, eutectic points, etc. could be included. All this information will help to understand complex changes undergone by food with pressure, temperature, or water content variations, to identify stability region(s) for storage under pressure or/and to choose suitable processing conditions (Rahman, 2006) . A large amount of work remains to be done to obtain a complete view of food phase behavior at high pressure.
